The Samoan mantle plume samples two or more mantle components including an extreme EM2 composition with 87 and mid-ocean ridge basalt glasses (e.g. Br/Cl = 0.0028 ± 0.0006; I/Cl = 0.00006 ± 0.00003; 2σ ). The uniformity of mantle Br/Cl and I/Cl could be explained if halogens are not significantly subducted into the mantle. However, an alternative possibility is that the subduction zone 'filter' controls the abundance ratios of halogens recycled into the mantle, and recycled halogens with associated H 2 O, have been circulated throughout the mantle.
Introduction
The enriched trace element and isotope signatures of Oceanic Island Basalts (OIB) that sample the EM1, EM2 and HIMU man- in this study and glasses used in previous halogen studies (Kendrick et al., 2012b (Kendrick et al., , 2012a (Kendrick et al., , 2013a (Kendrick et al., , 2014b . The mantle components are: EM1 = enriched mantle 1; EM2 = enriched mantle 2; Himu = high U/Pb; Fozo = focus zone; and DMM = depleted MORB mantle (e.g. Hofmann, 2003) . Samoan helium data are shown in Fig. S1 .
unclear if the high volatile content of EM1 and EM2 melts can be explained by subduction recycling. EM1 and EM2 melts are typically depleted in H 2 O relative to trace elements of similar compatibility (e.g. Ce, La) that are inferred to have a recycled origin (e.g. Dixon and Clague, 2001; Dixon et al., 2002; Wallace, 2002; Kendrick et al., 2014b) . Furthermore, a high proportion of seawater-derived volatiles (e.g. H 2 O, Cl, noble gases) entering subduction zones are lost as slab fluids into the sub-arc mantle, and the extent to which these volatiles can be subducted into the deeper mantle is unclear (Hilton et al., 2002; Ito et al., 1983; Parai and Mukhopadhyay, 2012; Rüpke et al., 2004) . The relative abundances of magmatic volatiles and trace elements in OIB melts that sample deeply recycled components can therefore provide a better understanding of global volatile recycling processes (Dixon et al., 2002; Wallace, 2002; , with implications for the relative importance of subducted versus primordial volatile components in the Earth's mantle (cf. Holland and Ballentine, 2006; Mukhopadhyay, 2012; Staudacher and Allègre, 1988) . Samoan OIB are of particular interest for constraining the composition of the EM2 mantle end-member because they record the strongest 87 Sr/ 86 Sr enrichment of any known mantle component (>0.720; Jackson et al., 2007) . Furthermore, submarine glasses which are required for measuring the magmas volatile contents have been recovered with 87 Sr/ 86 Sr up to 0.7125, compared to a maxima of 0.706 in EM2 glasses from the Society seamounts ( Fig. 1 ; Devey et al., 1990) . The Samoan glasses can be used to place potentially unique constraints on the volatile characteristics of the EM2 end-member, provided the geochemical complexity in melts is sufficiently well understood. Current data indicate that isotopic variation in Samoan melts result from mixing an EM2 component with a primitive component characterised by lower 87 Sr/ 86 Sr and high 3 He/ 4 He (e.g. Fig. 1 ; Farley et al., 1992; Jackson et al., 2007 Jackson et al., , 2009 Jackson et al., , 2014 . However, additional mantle components could also be present, and a previous study of volatiles (CO 2 , H 2 O, S, F and Cl) in Samoan lavas was hampered by the unresolved presence of assimilated seawater . The aim of the current study is to further elucidate the origins of halogens and water in Samoan melts. This is achieved by analysing the scarcest halogens Br and I, in addition to Cl and F, and extending the volatile database to include the most enriched glasses now available (Jackson et al., 2007) . The new data are of particular interest because iodine is an essential element for life that has a high abundance in organic-rich marine sediments and has previously been suggested as a possible marker for subducted Fig. 2 . Sketch locality map of the Samoan Islands showing the volcanoes from which submarine glasses were selected for this study in bold. Emergent Islands are shaded grey and have uppercase labels, whereas seamounts have lower case labels. Vailulu'u is the youngest volcano in the Samoan chain, ages increase westward to a maximum of 4.8 Ma for sample 128-21 dredged from Taumatau (Koppers et al., 2008 (Koppers et al., , 2011 sedimentary components in the mantle (Deruelle et al., 1992) . We have already shown that the enriched mantle reservoirs sampled by the Society and Pitcairn seamounts have MORB-like I/Cl (Kendrick et al., 2012b (Kendrick et al., , 2014b ; however, we deemed the current study necessary to test if the more strongly enriched Samoan melts with exceptionally high 87 Sr/ 86 Sr ( Fig. 1 ) might be characterised by more elevated I/Cl ratios. In addition, multi-element correlations between F, Cl, Br, I, H 2 O and incompatible trace elements such as K enable us to rigorously evaluate possible seawater assimilation processes (Kendrick et al., 2013a) . We demonstrate that Samoan melts assimilated variable amounts of high salinity brine(s), and we use a quantitative mixing model to correct the measured H 2 O and Cl abundances for assimilation, thus providing improved constraints on mantle-derived H 2 O and Cl in all of the samples investigated.
Samples and methodology
The samples selected for the current study include: i) nineteen pristine glasses from Samoan volcanoes in the SW Pacific, including fourteen samples previously characterised by ; ii) palagonite separated from a Samoan glass, and iii) two pristine glasses from Baffin Bay, Canada.
The Samoan glasses were all dredged from water depths of between 780 and 4400 m. The majority of samples were recovered during the 1999 AVON2/3 cruise of RV Melville from the Vailulu'u, Malumalu and Ta'u volcanoes at the eastern end of the Samoan chain ( Fig. 2 ; Workman et al., 2004 McDougall, 2010; Hart et al., 2000; Sims et al., 2008; . Additional samples recovered during the AVON2/3 cruise and the 2005 ALIA cruise of RV Kilo Moana (Jackson et al., 2007; Koppers et al., 2008) , were selected from the more westerly Muli and Taumatau volcanos for this study. Sample 128-21 recovered from Taumatau, at the western termination of the Samoan chain, has an age of 4.8 Ma ( Fig. 2 ; Koppers et al., 2008) , and the highest 87 Sr/ 86 Sr of any glass yet recovered from Samoa (Jackson et al., 2007) . The palagonite alteration separated from the surface of ALIA-104-04 glass was analysed to test if significant halogens are incorporated into altered glass and therefore if undetected alteration of magmatic glasses could significantly influence our results (cf. Kendrick et al., 2012a Kendrick et al., , 2013a .
The Baffin Bay glasses which sample the proto-Icelandic plume, are ∼60 Ma and were selected from coastal outcrops, their eruption depths are unknown but pillow textures suggest subaqueous conditions (Jackson et al., 2010; Robillard et al., 1992; Kent et al., 2004) . These glasses are related to the picrites that preserve the highest measured terrestrial 3 He/ 4 He ratio of ∼50 Ra in olivine phenocrysts (Starkey et al., 2009; Stuart et al., 2003 Irradiation produced noble gas proxy isotopes were extracted from the samples by heating in an ultra-high vacuum tantalum resistance furnace. Palagonite was analysed in 20 min heating steps at temperatures of 300 • C and 1500 • C, because up to 50% of the halogen-derived noble gases in palagonite are released at 300 • C. In comparison, halogen-derived noble gases are only released from glasses at > 500 • C (Kendrick et al., 2012b) and the glasses were preheated to 300 • C before being fused in single 20 min heating step at 1500 • C. The extracted gases were purified by standard gettering procedures and analysed with the MAP-215 noble gas mass spectrometer at the University of Melbourne (see Kendrick, 2012 or Kendrick et al., 2013a Roddick, 1983) and three scapolite standards (Kendrick, 2012; Kendrick et al., 2013a) . The reported concentrations were cross-checked with electron microprobe Cl, K and Ca determinations undertaken at the University of Melbourne (see Table S1 ; Kendrick et al., 2014b) . Halogen concentration and ratio measurements have internal precision as high as 1-2% (2σ ;  Table S1 ). However, standardisation limits 2σ reproducibility between irradiations to the 5% level for Br and 10% for I (Fig. S2) , and the external precision is estimated at 10% for all elements (see Kendrick, 2012 and Kendrick et al., 2013a for detailed discussion).
SIMS measurements of H 2 O, CO 2 , S, F and Cl in three new samples (77-09, 104-04 and 128-21) were undertaken at the Department of Terrestrial Magnetism, Carnegie Institute of Washington, using a Cameca IMS 6F ion microprobe, following procedures comparable to those of . Several glasses from dredges 71, 77, 78, 79, 104 and 128 were analysed by electron microprobe and laser ablation inductively coupled plasma mass spectrometry at the University of Melbourne. The operating conditions of the Cameca SX-50 electron microprobe included an accelerating voltage of 15 keV, current of 30 nA and 20 s counting times, which gave a detection limit of 260 ppm for Cl. The Agilent 7700x ICP-MS is coupled to a 193 nm excimer laser. The glasses were analysed using a beam diameter of ∼80 μm and BHVO2G as the calibration standard: BCR2G, analysed as an unknown, gave reproducible results close to recommended values (Table S1 ). Typical analytical conditions have been described in detail elsewhere (Woodhead et al., 2007) .
Results
The new volatile, trace and major element data for Samoan and Baffin glasses are summarised together with representative data from the literature in Table 1 and presented with the standard data in the electronic supplement (Table S1 ; Fig. S2 ).
The Samoan glasses represent alkali basalts and trachy-basalts, they contain 45.2 to 48.2 wt.% SiO 2 , 3.4 to 6.1 wt.% total alkalis (Na 2 O + K 2 O), and 6.5 to 4.0 wt.% MgO. The Baffin glasses are basalts with ∼49 wt.% SiO 2 , ∼2.2 wt.% alkalis (Na 2 O + K 2 O), and ∼8.5 wt.% MgO (Table S1 ; Kent et al., 2004; .
The Samoan glasses have 4 to 200 ppm CO 2 but are strongly enriched in incompatible trace elements with 0.6 to 1.7 wt.% K. They have water concentrations of 0.67-1.9 wt.% H 2 O, and halogen concentrations of 490-1790 ppm Cl, 1.9-7.2 ppm Br, 19-130 ppb I and 900-1870 ppm F ( Fig. 3 ; Table 1 ). In contrast, the Baffin glasses have much lower concentrations of incompatible trace elements and volatiles with ∼0.1 wt.% K, 70-80 ppm Cl, 130-240 ppb Br and 3-6 ppb I ( Fig. 3 ; Table 1 ). The low halogen content of the Baffin glasses is unlikely to be explained by degassing because the Cl concentrations are at the upper end of the range determined for melt inclusions in related samples (Maisonneuve, 2012) and the glasses have normal K/Cl ratios of 13-20 (Cl/K = 0.05-0.08) that do not suggest Cl loss.
The concentrations of Cl, Br and I vary over more than two orders of magnitude between the Baffin and Samoan samples (Fig. 3) . The majority of samples have I/Cl within the range of [60 ± 30] × 10 −6 that is typical of OIB and MORB glasses ( Fig. 3c; see Kendrick et al., 2013a) . In contrast, the Samoan samples with the highest Cl concentrations have unusually high Br/Cl ratios of up to 4.3 × 10 −3 ; these values exceed the range of [2.8 ± 0.6] × 10 −3 (2σ ) defined by 55 MORB and OIB glasses from other locations analysed by the same technique (Kendrick et al., 2013a) , and the overlapping range of Br/Cl in 45 glasses analysed by other techniques (Jambon et al., 1995; Schilling et al., 1980) , that are collectively considered typical of the mantle (Fig. 3b) . The highest K/Cl of 18 (Cl/K = 0.06) determined for the Samoan samples is fairly typical of mantle values defined by a global database of 566 submarine glasses ( Fig. S3 ; Michael and Cornell, 1998; Kendrick et al., 2012a) , but the samples with the highest Cl concentrations have low K/Cl of 5.7 (Cl/K = 0.17) and the lowest measured F/Cl of 0.5 (Figs. 3 a, d ).
The palagonite separated from sample 104-04 has concentrations of 35 ppm Cl, 200 ppb Br, 85 ppb I and 0.09 wt.% K, which indicate that it is depleted in Cl, Br and K by ∼7-30 times, and enriched in I by ∼5 times, compared to pristine glass from this sample ( Table 1) . As a result, the palagonite has an I/Cl ratio of 2400 × 10 −6 that is 140 times greater than the unaltered glass (Table S1 ). The high concentration of I in palagonite confirms that the I/Cl ratio of a glass separate could be influenced by the presence of undetected palagonite contaminants, or incipient alteration (Kendrick et al., 2013a) ; however, it is important to note that minor contamination is unlikely to significantly influence the Br/Cl or K/Cl ratios of a glass separate because palagonite is strongly depleted in these elements.
The purity of our glass separates was tested by performing duplicate analyses of glass separated from samples 76-08 and 78-01. The glass separates of these samples were free of visible contaminants, but the source material was strongly affected by palagonite alteration of the rims. Similar results were obtained for 76-08-a and 76-08-b (Tables 1 and S1 ), confirming efficient removal of contaminating material and demonstrating that the iodine data are reliable for the majority of samples that were less affected by palagonite alteration and more easily prepared as high purity glass separates (Table 1) . In contrast, duplicates of 78-01 gave significantly different results for I/Cl, which confirms the sensitivity of % assim. Cl 75 ± 6 6 2 ± 9 7 5 ± 6 7 5 ± 6 7 4 ± 6 7 5 ± 6 6 2 ± 9 6 3 ± 9 2 1 ± 19 22 ± 18 3 ± 23 54 ± 11 % assim H 2 O 2 6 ± 11 9 ± 4 1 5 ± 7 1 5 ± 7 1 5 ± 7 1 4 ± 6 2 1 ± 9 1 6 ± 7 2 ± 2 2 ± 1 0 ± 2 1 0 ± Table S1 for the full dataset). Legacy data shown in bold italics are from Workman et al. (2004 Workman et al. ( , 2007 , Jackson et al. (2007 Jackson et al. ( , 2010 , Kent et al. (2004) ; the 3 He/ 4 He ratios measured by crushing are reported as R/Ra where Ra is the atmospheric 3 He/ this measurement to minor contamination. In this case, 78-01-a with an I/Cl ratio of 90 × 10 −6 is considered most representative of the melt (Table 1) , and the higher I/Cl of 270 × 10 −6 obtained for 78-01-b is ascribed to contamination, and has been omitted from most of the figures for clarity (Table 1 ).
Discussion
The H 2 O and halogen content of the Samoan glasses is partly controlled by the mantle source; however, before evaluating the volatile systematics of the source we must first determine the extent to which these volatiles have been modified by shallow level processes including fractional crystallisation, degassing and seawater assimilation.
Magma degassing and assimilation of seawater components
The Samoan glasses have vesicularities of 1 to 30 vol.% and low CO 2 concentrations of 4-230 ppm that provide evidence for degassing (see Fig. 4 ; Table 1 ; ). The combined H 2 O and CO 2 data indicate that many of the melts were in equilibrium with a H 2 O-rich vapour phase (shown by the isopleths in Fig. 4a) . However, the glasses are suggested to preserve water concentrations close to their pre-degassing values because: i) very little H 2 O is lost during open system degassing (Fig. 4a); and ii) the equilibrium vapour phase in samples 68-03 and 73-03 (erupted at the shallowest depths of ∼1000 m, with vesicularities of 5-20 vol.%), is calculated to contain only 0.01-0.05 wt.% H 2 O, thus demonstrating that the low water content of these samples (0.7 wt.%; Fig. 4 ) cannot be explained by closed system degassing ; this study). Complex multi-stage degassing scenarios are possible; however, we demonstrate below that the majority of Samoan melts were more strongly influenced by H 2 O added through assimilation processes than by H 2 O lost during degassing.
In the absence of significant H 2 O degassing, the concentration of H 2 O, as well as incompatible trace elements such as K and Cl, are expected to vary in the Samoan melts as a result of partial melting, mixing isotopically distinct components in the mantle source, and subsequent fractional crystallisation (Fig. 5) . The liquid lines of descent (LLD) in Fig. 5 were modelled with Petrolog3 (Danyushevsky and Plechov, 2011) by progressively removing olivine, pyroxene, plagioclase, ilmenite and magnetite, assuming K, Cl and H 2 O are all perfectly incompatible (Fig. 5) . The Samoan volcanoes sample multiple magma batches and the concentrations of K, H 2 O and Cl in the mantle end-members are not known. However, it is significant that, in contrast to K and H 2 O, Cl does not follow the expected broad trend toward higher concentrations in the more evolved melts (Fig. 5) . The lack of a relationship between Cl and MgO, together with the low K/Cl of Cl-rich glasses ( Figs. 2a and 4 ; K/Cl of <10 or Cl/K of >0.1), could be explained if some of the melts assimilated seawaterderived Cl (e.g. Coombs et al., 2004; Kendrick et al., 2013a; Kent et al., 1999 Kent et al., , 2002 le Roux et al., 2006; Michael and Cornell, 1998; Michael and Schilling, 1989) .
Possible assimilation processes are evaluated in Fig. 6 by examining F, Cl, Br, I, H 2 O and K co-variation in three element diagrams that use Cl as a common denominator. This method of plotting the data is advantageous for this purpose because mixing trends are revealed as straight lines (Fig. 6) . The binary mixing trends in Fig. 6 are interpreted to result from mixing mantle-derived halogens and halogens introduced by an assimilated brine because: i) Extrapolation of the data suggests that one end-member has the characteristics of a brine including: 1) low H 2 O/Cl that indicates a high salinity; 2) low K/Cl of <0.2 that is required to maintain charge balance in a Cl − dominated, Na + , Ca ++ , Fe ++ , K + brine; and 3) low F/Cl ratio that would result from the low solubility of F in a seawater-derived Ca-(±P-) bearing aqueous solution ( Fig. 6 ; Seyfried and Ding, 1995) . In contrast, the second end-member has K/Cl, H 2 O/Cl, Br/Cl and I/Cl ratios similar to those defined as representative of the mantle in several previous studies of submarine MORB and OIB glasses (Jambon et al., 1995; Schilling et al., 1978 Schilling et al., , 1980 Michael and Cornell, 1998; Kendrick et al., 2012b Kendrick et al., , 2012a Kendrick et al., , 2013a 2014b Kendrick et al., 2012b Kendrick et al., , 2014b . iii) Similar mixing trends have been observed in MORB previously and are therefore unrelated to subducted components but can be explained by brine assimilation (Kendrick et al., 2013a) . iv) The samples closest to the suggested brine end-member come from the Vailulu'u volcano which is the most hydrothermally active of the Samoan volcanos investigated , and therefore a likely location for magmas to assimilate hydrothermal brines. v) The lack of a correlation between Cl and MgO provides independent evidence that the melts have assimilated seawaterderived Cl in some form (Fig. 5) .
The good fit of the mixing model to halogen data for glasses from 5 different volcanoes that erupted from ∼100 yrs to 5 Ma is extremely significant (Fig. 6 ). It suggests that over the last 5 Ma, all the Samoan volcanoes have had sources characterised by similar Br/Cl, I/Cl, F/Cl, H 2 O/Cl and K/Cl ratios and that the magmas have been affected by remarkably uniform assimilation processes (Section 4.1.1). This observation is consistent with the uniformly high salinity of brines (55 ± 15 wt.% salts) assimilated by magmas exhibiting anomalously high Cl concentrations at other mid-ocean ridge and oceanic island settings investigated for Cl assimilation processes (see Fig. 8 of Kendrick et al., 2013a ; data of Coombs et al., 2004; Kent et al., 1999 Kent et al., , 2002 le Roux et al., 2006; Wanless et al., 2011) . As a point of comparison, assimilation of Cl at both Samoan and Hawaiin volcanoes appears to be related to location (Dixon and Clague, 2001) , and in contrast to some previous studies, there is no evidence that the most evolved melts have assimilated the highest proportion of Cl ( Fig. 5 ; cf. Wanless et al., 2011) . (Ludwig, 2009) shows 2σ uncertainties. Note that parts d and e show data for selective regressions that exclude the circled data points, and data for non-selective regressions in parentheses. Note that the mixing lines show 10% increments of total Cl between the mantle and brine end-members. maintain charge balance in a seawater-derived Na-Ca brine (Vanko, 1988) , and a low F/Cl ratio is expected because of fluorine's uptake by minerals and low solubility in aqueous fluids (e.g. Frohlich et al., 1983; Seyfried and Ding, 1995) . The salinity of vent fluids is variable, and typically in the range 1-8 wt.% salts (Oosting and Von Damm, 1996; Fontaine et al., 2007) , but much higher salinity fluids with up to 60 wt.% salt are preserved in fluid inclusions from deeper greenschist-amphibolite facies environments in the oceanic crust (Vanko, 1986 (Vanko, , 1988 Kelley et al., 1993) . Therefore, the uniformly high salinity of the brines (55 ± 15 wt.% salt) assimilated by magmas from several different Samoan volcanoes (Fig. 6) , and other seafloor locations (see Kendrick et al., 2013a data of Wanless et al., 2011; Coombs et al., 2004; Kent et al, 1999 Kent et al, , 2002 le Roux et al., 2006) , suggests that: i) assimilation may be restricted to high salinity brines by the relative solubilities of Cl and H 2 O in silicate melts; and ii) assimilation is more likely to occur at depths of >2-3 km in the crust rather than on the seafloor (see also Coombs et The Br/Cl and I/Cl ratios of the melts do not fit the binary mixing model in Fig. 6 as well as the F/Cl and H 2 O/Cl ratios. This is not explained by analytical uncertainty which is at the 2-8% level (2σ ) for both Br/Cl and I/Cl (Table S1 ). Palagonite contamination (or incipient alteration of the glasses) has the potential to influence the glasses' I/Cl ratios; however, the low concentrations of Cl and Br in palagonite indicate that its presence would have a negligible effect on Br/Cl ratios (Section 3; Table 1 ). Instead, the lower quality fit for Br/Cl and I/Cl in our mixing model compared to F/Cl (Fig. 6) can be explained by minor but real variation of these ratios in the assimilated brines. This is possible because whereas F/Cl is fixed by the low solubility of F, Br and I are highly soluble trace constituents. As a result the Br/Cl and I/Cl ratios of brines behave as essentially free variables. The mixing model indicates that, on average, the Samoan melts assimilated brines with Br/Cl of ∼0.005, that were about 40% higher than seawater, and I/Cl ratios that were on average about ten times seawater (Fig. 6 c, d and e) .
Brine characteristics and origin
A previous study of magmatic glasses demonstrated that, as in Samoa, brines assimilated by melts from the Galapagos Spreading Centre and the NW part of the Lau Basin had Br/Cl ratios 10's of percent higher than seawater (Kendrick et al., 2013a) . However, in contrast to Samoa, these glasses preserved I/Cl ratios closer to the seawater value (Kendrick et al., 2013a) . The data available for vent fluids demonstrate that fluid interaction with I-rich organic matter present in marine sediments elevates the I/Cl ratios, and to a lesser extent Br/Cl ratios, of some vent fluids above seawater values (Campbell and Edmond, 1989; You et al., 1994; Kawagucci et al., 2011) . The majority of vent fluids preserve seawater-like Br/Cl (e.g. Von Damm et al., 1997; Seyfried et al., 2003) ; however, lower than seawater Br/Cl ratios are known from condensed vapour phases (∼1 wt.% salt) emitted at 9-10 • N on the East Pacific Rise (Oosting and Von Damm, 1996) .
It is concluded that the elevated I/Cl ratios inferred for the Samoan brines are consistent with a fluid history involving variable interaction with sediments. A number of processes may have contributed to the elevated Br/Cl ratios of the brines including fluid interaction with sediments, and partitioning of H 2 O>Cl>Br into hydrous alteration minerals such as amphibole ( Fig. 6 ; Kendrick et al., 2013a) . It remains unclear if high salinity brines formed by phase separation under specific conditions might also be enriched in Br/Cl relative to the vapour phase (Oosting and Von Damm, 1996; Berndt and Seyfried, 1997; Von Damm et al., 1997; Liebscher et al., 2006; Foustoukos and Seyfried, 2007) . However, seawater would undergo phase separation when heated to magmatic temperatures during assimilation, with the likely result that vapour phases would be preferentially vented on the seafloor, and the dense residual brines would be preferentially assimilated by the magma (Fig. 6 ; Kendrick et al., 2013a) and/or retained in the lower crust (e.g. Bischoff and Rosenbauer, 1989) .
If brine assimilation occurred at depths of >2 km beneath the seafloor as suggested, then the preservation of the mixing trends in Fig. 6 is consistent with the suggestion that very little H 2 O was lost during degassing of CO 2 from these melts ( Fig. 4a; Table 1 ). Sample 128-21 with only 4 ppm CO 2 (Fig. 4a) , lies on the mixing lines in Figs. 6b and 6d, suggesting minimal H 2 O loss occurred (Fig. 4a) . The Vailulu'u samples show scatter in H 2 O/Cl; however, the samples recovered from ∼1000 m in dredges 70 and 73 (Table 1) include both the lowest and highest H 2 O/Cl ratios, suggesting the scatter is unrelated to degassing (Fig. 6a) . The preservation of the mixing trends also suggests ratios of incompatible elements (e.g. Br/Cl, I/Cl, F/Cl, H 2 O/Cl) were not significantly altered by fractional crystallisation of the Samoan magmas after assimilation (Fig. 6) .
Samoan mantle source characteristics
The mixing model in Fig. 6 enables the amount of H 2 O and Cl introduced into the Samoan magmas by brine assimilation to be quantified. The calculations can be undertaken using any ratio that differs between the mantle and brine and 10% increments of the total Cl are shown on each of the mixing lines in Fig. 6 with the associated uncertainties summarised for individual samples in Table 1 . The Br/Cl data are important because this ratio exhibits limited variation in the mantle (0.0028 ± 0.0006 (2σ ); Kendrick et al., 2013a Kendrick et al., , 2014b , suggesting the least contaminated Samoan samples with Br/Cl of 0.0029 lie close to the mantle endmember (Fig. 6) . In comparison, the Br/Cl of the brine obtained from the regression of data in Fig. 6c (0.0046 ±0.004; 2σ ) , is about twice the mantle value. In contrast, hydrothermal fluids have F/Cl of << 0.01 (Seyfried and Ding, 1995; Li and Schoonmaker, 2003) , which is many times lower than the maximum F/Cl of 2.3 measured in a Samoan glass ( Fig. 6a; Table 1 ). As a result, mixing calculations based the F/Cl ratio, using conservative estimates for the brine (0.01000 ±0.00999) and mantle (2.4 ±0.5) end-members (Fig. 6a) , give results that are more precise but indistinguishable Table 1 ). Data for Society and Pitcairn glasses (Kendrick et al., 2014b) , and MORB fields are shown for reference.
from similar calculations undertaken with the Br/Cl data (cf. samples 76-08-a and 76-08-b in Table 1 ). The mixing calculations indicate that sample 75-10 with the highest measured F/Cl ratio assimilated between zero and 26% of its total Cl, and the other Ta'u samples from dredges 74 and 75 probably also assimilated very little Cl (Table 1 ). In comparison, samples 68-03, 71-02, 71-11, 71-13, 71-22 and 76-11 are estimated to have assimilated about 70% of their total Cl (Table 1) . The quantitative mixing model developed here indicates that water assimilation is more significant than was previously recognised on a qualitative basis (cf. . However, the proportion of the H 2 O assimilated by the Ta'u magmas is close to zero and probably accounts for a maximum of 20-30% of the total H 2 O in samples 68-03 and 73-03 (Table 1) . In absolute terms, the Ta'u melts are estimated to have assimilated up to a few hundred parts per million of brine and sample 71-02 is estimated to have assimilated 0.45 ± 13 wt.% brine (Table 1) . Based on reasonable estimates for the densities of brine (1.3-1.4 g cm 3 ) and melt (2.6-2.7 g m 3 ), this is equivalent to a maximum of 8 or 9 cm 3 of brine being assimilated by a litre of magma ( Fig. 6 ; Table 1 ).
The assimilation-corrected H 2 O/Ce and Cl/K ratios of Samoan melts are plotted together with the measured F/Nd ratio, which is not influenced by brine assimilation, as a function of 87 Sr/ 86 Sr in Fig. 7 . Note that each ratio represents an element pair of similar compatibility, and that Cl/K is used in preference to K/Cl to enable comparison of volatile/lithophile pairs expressed in the same format (whereas K/Cl provides a common denominator in Fig. 6 ). The MORB mantle has H 2 O/Ce of 150-300 (e.g. Michael, 1995) and F/Nd of 20 ± 6 , but as a result of unresolved seawater assimilation, its Cl/K is less well defined (Michael and Cornell, 1998) : we adopt a Cl/K of 0.05-0.1 that encompasses the median value of previous MORB analyses (0.08 ± 0.01), but it should be noted that MORB can have much lower Cl/K values (see Fig. S3 ).
The assimilation-correction reduces the measured H 2 O/Ce ratio by 0-30%, which has a minor impact on the interpretation of the H 2 O data ( Fig. 7a ; Table 1 ; ). In contrast, the assimilation correction has a profound effect on the Cl/K data reducing measured Cl/K ratios from maxima of 0.17-0.18 to assimilation-corrected values of ∼0.05 (Figs. 7b ; Table 1 ). The mean assimilation-corrected Cl/K of 0.05 ± 0.02 (2σ ) is controlled by the binary mixing model used to correct the data (Fig. 6) , and the scatter of the data around the mean corrected Cl/K value therefore reflect the fit quality of the model (Fig. 6) . The modelling indicates that most of the variation in Cl/K (or K/Cl) measured in Samoan glasses results from brine assimilation (Fig. 6) ; however, the fit quality means that minor systematic variation in the Cl/K of the Samoan source cannot be precluded (Fig. 7b) .
In general, the model indicates the Samoan source has lower H 2 O/Ce and Cl/K than median MORB, but F/Nd at the high end of the MORB range (Fig. 7) . Therefore, despite their overall trace element and volatile enrichment, the Samoan, Society and Pitcairn EM magmas are all depleted in H 2 O and Cl, but not F, compared to median MORB and lithophile elements of similar compatibility (Kendrick et al., 2014b) . A relative depletion of Cl as well as H 2 O may therefore be a characteristic of EM reservoirs ( Fig. 7 ; Dixon et al., 2002; Wallace, 2002; Stroncik and Haase, 2004; Kendrick et al., 2014b) . However, pooling the data from Society, Pitcairn and Samoa which extends to the highest 87 Sr/ 86 Sr (Fig. 1 Jackson et al., 2007) . The Br/Cl and I/Cl ratios of these samples are similar to the Baffin Bay sample with 3 He/ 4 He of 24 R/Ra (Table 1 ) and other MORB and OIB samples, suggesting that all these mantle reservoirs have Br/Cl and I/Cl ratios similar to the MORB range ( Fig. 8 ; Kendrick et al., 2013a Kendrick et al., , 2014b ). This conclusion is further supported by the mixing systematics of Br/Cl and I/Cl in glasses with 3 He/ 4 He of 16-28 Ra from the NW part of the Lau Basin (Kendrick et al., 2013a) .
Implications for the global volatile cycling
The apparent uniformity of Br/Cl and I/Cl in the Earth's mantle ( Fig. 8 ; I/Cl = 0.00006 ± 0.00003) reflects the similar compatibilities of these elements in the mantle (e.g. Schilling et al., 1980; Balcone-Boissard et al., 2010; Kendrick et al., 2012a) , and is in stark contrast to the behaviour of these elements in Earth's surface reservoirs and subduction zones. The Br/Cl ratio varies by more (Kendrick et al., 2013a (Kendrick et al., , 2014b , seawater and the brine used in our mixing model (Fig. 6 ), are shown for reference. In comparison to the mantle, sediments and serpentinites have variable compositions extending to very high I/Cl of ∼0.01 (Kendrick et al., 2013b and references therein).
than an order of magnitude in the surface reservoir and I/Cl is even more variable (e.g. Holser, 1979; Muramatsu and Wedepohl, 1998; Kendrick et al., 2013b) . Seawater has an I/Cl ratio of 0.000003 that is ∼10,000 times lower than the maximum values of ∼0.03 found in some organic-rich marine sediments, sedimentary marine pore fluids and serpentinites (Kendrick et al., 2013b; John et al., 2011; Muramatsu and Wedepohl, 1998; Muramatsu et al., 2001; Snyder et al., 2005) .
The uniformly low I/Cl of the mantle (0.00006 ± 0.00003) compared to the maximum of ∼0.03 in sedimentary rocks and serpentinites, could be simply explained if halogens are not significantly recycled into the mantle, and halogens have a dominantly primordial origin in the mantle (Schilling et al., 1978) . However, it is increasingly recognised that a significant portion of the volatiles entering subduction zones could be deeply subducted into the mantle (e.g. Jacobsen and van der Lee, 2006; Walter et al., 2011) . Furthermore, non-radiogenic noble gas isotopes in the mantle are now believed to have a dominantly subducted atmospheric origin (cf. Porcelli and Wasserburg, 1995; Sarda et al., 1999; Sarda, 2004; Trieloff et al., 2000; Holland and Ballentine, 2006) , implying other seawater-derived volatiles are also likely to have been subducted.
The rates of Cl subduction in sediments, altered ocean crust and serpentinites are poorly defined, meaning it is unclear if there might be a net flow of Cl into, or out of, the mantle at the present day, or if mantle Cl is in a steady state (cf. Schilling et al., 1978; Ito et al., 1983; Sharp and Barnes, 2004; Sano et al., 2008; Barnes and Cisneros, 2012) . However, significant subduction of Cl could occur at the present day, if Cl and other volatiles stored in cold deep reservoirs within the slab (such as serpentinites) are inefficiently lost through magmatic arcs (cf. Peacock, 2001; Jacobsen and van der Lee, 2006; Green II et al., 2010) . Furthermore, the net flow of Cl is more likely to have been into the mantle, in the past, if primordial heavy halogens (like noble gases), had very low abundances as a result of catastrophic outgassing early in Earth's history (Tolstikhin et al., 2014) The relative uniformity of mantle Br/Cl and I/Cl (Fig. 8) can be reconciled with significant long term (e.g. over >2 Ga) cycling of Cl through the mantle in the following ways: one possibility is that the subduction of Cl in sedimentary rocks and serpentinites with high I/Cl is balanced by subduction of altered ocean crust, which has an as yet unknown halogen signature but could include rocks with much lower I/Cl. Alternatively, if the altered ocean crust has Br/Cl and I/Cl overlapping the MORB range, subduction of altered ocean crust could dominate the Cl subduction budget (cf. Kendrick et al., 2014a) . A second possibility is that halogens present in sediments and serpentinites with initially high I/Cl might be fractionated during subduction such that I is preferentially lost in fluids, and the minerals, fluid inclusions and grain boundaries hosting halogens in deeper slab environments acquire MORB-like Br/Cl and I/Cl ratios (cf. Kendrick et al., 2011) . A combination of these processes seems plausible because studies of eclogite facies serpentinites have shown that Cl is preferentially subducted to greater depths than Br or I (Kendrick et al., 2011; John et al., 2011) . Furthermore, halogens in subduction related fluids have I/Cl ratios that decrease across the arc from maximum values of ∼0.01 in some forearcs (Kendrick et al., 2013b) , to ∼0.001 in the Tonga arc and to lower MORB-like ratios of <0.0001 in some backarc basins (Kendrick et al., 2014a) . The alternative possibility that halogens were not subducted into the sources of the investigated back arc basin basalts (BABB) with MORB-like Br/Cl and I/Cl, is not favoured by the elevated Cl/K and H 2 O/Ce ratios of these BABB, that demonstrate up to 90% of their total Cl is related to subduction (Kendrick et al., 2014a) . Improved characterisation of halogens in subduction reservoirs, their behaviour during subduction-related metamorphism and estimates of bulk silicate Earth Cl, Br and I are now required to better assess long term cycling of halogens into the mantle.
Summary and conclusions
Submarine glasses from Samoa contain halogens derived from the mantle and introduced by assimilation of high salinity brines (e.g. 55 ± 15 wt.% salts), with F/Cl of close to seawater, Br/Cl of ∼0.005 that is ∼40% higher than seawater, and I/Cl of ten times the seawater value. Quantitative corrections for brine assimilation show 0-70% of the total Cl and 0-30% of the total H 2 O in the Samoan melts investigated was introduced by brines accounting for up to 0.45% of the melt mass. The preservation of the mixing trends in melts that have experienced some degassing favours the dominance of open system degassing with minimal H 2 O loss.
Assimilation-corrected data confirm that, despite an overall volatile enrichment, the Samoan EM2 end-member with Cl/K of 0.05 ± 0.02 (2σ ) and H 2 O/Ce of 50-80 is modestly depleted in Cl relative to K as well as H 2 O relative to Ce, compared to median MORB. Furthermore, the samples least affected by brine assimilation, with 87 Sr/ 86 Sr of 0.7045-0.7125, have indistinguishable Br/Cl and I/Cl, within the MORB range that is currently estimated as (2.8 ± 0.6) × 10 −3 for Br/Cl and (60 ± 30) × 10 −6 for I/Cl (2σ ; Kendrick et al., 2013a) . The uniformity of mantle Br/Cl and I/Cl can be explained if the subduction zone 'filter' controls the relative abundances of Cl, Br and I in deeply subducted slabs and recycled halogens have been circulated throughout the entire mantle. Differences in the Cl/K and H 2 O/Ce of different mantle components then reflect the efficiency and timing of slab dehydration. 
